The activity of DNA polymerase-associated proofreading 3-exonucleases is generally enhanced in less stable DNA regions leading to a reduction in base substitution error frequencies in AT-versus GC-rich sequences. Unexpectedly, however, the opposite result was found for Escherichia coli DNA polymerase II (pol II). Nucleotide misincorporation frequencies for pol II were found to be 3-5-fold higher in AT-compared with GC-rich DNA, both in the presence and absence of polymerase processivity subunits, ␤ dimer and ␥ complex. In contrast, E. coli pol III holoenzyme, behaving "as expected," exhibited 3-5-fold lower misincorporation frequencies in AT-rich DNA. A reduction in fidelity in AT-rich regions occurred for pol II despite having an associated 3-exonuclease proofreading activity that preferentially degrades ATrich compared with GC-rich DNA primer-template in the absence of DNA synthesis. Concomitant with a reduction in fidelity, pol II polymerization efficiencies were 2-6-fold higher in AT-rich DNA, depending on sequence context. Pol II paradoxical fidelity behavior can be accounted for by the enzyme's preference for forward polymerization in AT-rich sequences. The more efficient polymerization suppresses proofreading thereby causing a significant increase in base substitution error rates in AT-rich regions.
Mutations occur nonrandomly in DNA with some sites exhibiting abnormally high mutation rates, "hot spots," and others far less susceptible to error accumulation, "cold spots." Some mechanisms responsible for generating hot spots are well understood, a thoroughly documented example being the deamination of 5-methyl cytosine causing C to T transitions (1) . In contrast, the decidedly nonrandom nature of DNA polymerase errors is poorly understood.
Studies on the fidelity of DNA synthesis in vitro illustrate the complex nature of the problem. There are two fidelity checkpoints (2) , one at the nucleotide insertion step, and, for some but not all polymerases, nucleotide misinsertion errors may be corrected by the action of a 3Ј 3 5Ј-proofreading exonuclease (3, 4) . Average nucleotide misincorporation frequencies including the specific types of mismatches formed may vary significantly among polymerases (5) . Beyond the question of active site pol 1 and exonuclease properties is the interaction between the polymerase and primer-template DNA. Some polymerases may be prone to slip in reiterated and even in nonreiterated sequences giving rise to simple frameshift or to base substitution errors (6 -8) , whereas other pols may be less able to catalyze synthesis from transiently slipped primer-template DNA. A further complication arises from the fact that most replicative and repair polymerases also interact with processivity factors to form a holoenzyme complex (9) .
Although numerous questions remain to be answered regarding protein-protein and protein-DNA interactions governing fidelity, there are some general principles that are well established for sequence context effects on nucleotide misinsertion and proofreading specificities. Proofreading exonucleases have been shown to hydrolyze single-stranded DNA in preference to double-stranded DNA (3, 4) . Because mismatched base pairs melt out more easily than correctly matched pairs, resulting in single-stranded primer 3Ј-ends, they tend to be excised rather than elongated, whereas the reverse is true for correct base pairs (10 -12) . An important corollary is that mismatches are less susceptible to proofreading in relatively stable GC-rich regions of DNA, leading to base substitution hot spots, whereas the opposite is true in AT-rich DNA (13) . Studies with bacteriophage T4 pol support this model by demonstrating that nucleotide substitution errors tend to be lower in surroundings rich in AT base pairs because proofreading is favored in the less stable AT-rich regions (13) (14) (15) (16) .
Although Escherichia coli pol II was discovered in 1970 (17) and was found to be induced as part of the SOS regulon in response to DNA damage (18, 19) , its biological role remained obscure until it was recently shown to play a pivotal role in an error-free UV repair pathway in vivo (20) . Pol II was also found to copy several types of DNA damage in vivo (21, 22) and to moderate the level of adaptive mutation in nondividing cells (23) catalyzed primarily by error-prone pol IV (24, 25) .
In this paper we have investigated the effect of sequence context on nucleotide substitution frequencies catalyzed by pol II. Contrary to expectations, we find that pol II substitution errors are significantly higher in AT-compared with GC-rich 1 The abbreviations used are: pol II, III, or IV, 5Ј-to 3Ј-DNA polymerase II, III, or IV, respectively; T4 pol, bacteriophage T4 DNA polymerase; HE, holoenzyme consisting of pol, ␤ sliding clamp, and ␥ clamp loading complex; SSB, E. coli single-stranded-binding protein; dNTP, deoxyribonucleoside triphosphate; N⅐M base mispairs, misincorporation of a dNMP opposite a template base M, also indicated by dNMP⅐M, where N and M can be A, T, G, or C; rescue dNTP, the next correct nucleotide that permits extension beyond the target site because of its complementarity to the base immediately 5Ј to the target nucleotide in the template; f inc , misincorporation specificity.
surroundings. Resolution of this apparent paradox requires that primer utilization efficiencies, a heretofore poorly appreciated parameter, be included in the analysis of fidelity.
EXPERIMENTAL PROCEDURES

Materials
Chemicals-All nonradioactive dNTP and ATP substrates were purchased from Amersham Biosciences, Inc. 4,000 Ci/mmol radioactive [␥-32 P]ATP was purchased from ICN Radiochemicals, Inc. Heparin and calf thymus DNA were purchased from Sigma.
Proteins-E. coli pol II was purified as described (26) . Pol III accessory proteins, ␤ dimer and ␥ complex were purified, and ␥ complex was reconstituted as described (27, 28) and stored in 20 mM Tris-HCl, pH 7.5, 2 mM dithiothreitol, 0.5 mM EDTA, and 10% glycerol. Assay buffers for all experiments contained 0.5 mM ATP, 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 8 mM MgCl 2 , 5 mM dithiothreitol, and 40 g/ml bovine serum albumin. Bacteriophage T4 polynucleotide kinase and DNA ligase were purchased from Amersham Biosciences, Inc. and Promega, Inc., respectively. Bovine serum albumin and E. coli SSB were purchased from Amersham Biosciences, Inc.
Oligonucleotides-Synthetic DNA oligomers were synthesized on an ABI 392 DNA/RNA synthesizer (PerkinElmer Life Sciences) and purified electrophoretically using 12% polyacrylamide gels. A 100-mer DNA template was constructed by annealing two 50-mers to a 30-mer scaffold oligonucleotide complementary to each 50-mer and then ligating the two 50-mers to form a 100-mer template molecule. The sequences of the 30-mer primer-100-mer templates are:
5Ј-GTA CCG CCA CCC TTA GAA CCG GTG TTT GGT-3Ј 3Ј-GGC CTT ATC CAC ATA GTG GCA TGA GTC CTC CAA ATC ATG GCG GTG GGA ATC TTG GCC ACA AAC CAX YWZ G TCG TCT  GTG ACT CGT TCA GGC TAT TAC TGA-5Ј where XYWZ are varied to have either AT-rich or GC-rich sequences, and G is the template target site at which fidelity is being measured, as shown in Table I .
Methods
Primer Labeling Reaction-30-mer primer molecules (1 M) were 5Ј-end labeled using [␥-32 P]ATP and T4 polynucleotide kinase at 37°C for 1 h in a reaction buffer containing 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 50 g/ml bovine serum albumin, 5 mM dithiothreitol, 8 mM MgCl 2 , and 5% glycerol. Primer-template annealing was carried out by mixing 1 M primer and 1.5 M template at ϳ 90°C then cooling slowly to room temperature (ϳ 22°C).
Processive Synthesis on 30-Mer-100-Mer Primer-Template DNA-All reactions contained 5 nM DNA; 250 M ATP; 25 M dATP, dCTP, dGTP, and dTTP; 8 mM MgCl 2 ; and 20 mM Tris-HCl, pH 7.5. 5 nM primertemplate DNA was preincubated at 37°C for 5 min with different combinations of 0.05 nM wild type or exonuclease-deficient pol II, 80 nM ␤ dimer sliding clamp, 20 nM ␥ clamp-loading complex, 200 nM SSB, and 1 mM ATP. Primer extension reactions were initiated by adding dNTPs; reactions were allowed to proceed for various times (Ͻ1 min for incorporation of a correct nucleotide and from 1 to 4 min for incorporation of an incorrect nucleotide) and were then quenched by the addition of 95% formamide and 20 mM EDTA. The primer elongation products were separated by electrophoresis using 12% polyacrylamide gels.
Primer-Template DNA Extension and Degradation Reactions-Reaction conditions used to measure fidelity at a template target site were similar to those used for processive synthesis except that the concentration of pol II was 1 nM, and the concentrations of dNTPs were varied allowing us to measure the kinetics of incorporating either right or wrong nucleotides at a template target site. The concentrations used to measure incorporation of correctly matched (right) dNTP substrates were 1, 2, 5, 10, and 25 M for both AT-and GC-rich DNA, and those for incorporation of mismatched (wrong) dNTPs were 0, 125, 250, 500, and 1,000 M for AT-rich DNA and 0, 250, 500, 1,000, and 2,500 M for GC-rich DNA. In some experiments, a next correct rescue nucleotide was also present in the reaction at concentrations of 0.02, 0.2, 2, 5, and 25 M. Running start dNTPs were present at 25 M for the kinetic data shown in Fig. 3 .
Conditions used to measure the rate of 3Ј 3 5Ј-exonuclease degradation of primer-template DNA were similar to the extension reactions except that a 34-mer primer was used containing either 4 As or 4 Gs at its primer 3Ј-end, and dNTP substrates were excluded from the reaction. Degradation by pol II HE was carried out in the presence of 200 nM SSB, whereas SSB was excluded from the reaction when pol II was used in the absence of ␤ dimer, ␥ complex.
Kinetic Analysis-A gel fidelity analysis was used to determine the kinetics of incorporation of each of the four dNTPs opposite a template target site as a function of dNTP concentration (8, 29, 30) . Integrated polyacrylaminde gel band intensities were measured on a PhosphorImager using ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The nucleotide incorporation efficiency opposite a target site, in either the presence or absence of proofreading exonuclease activity, is obtained by measuring I T ⌺ /I TϪ1 , where I T ⌺ is the integrated gel band intensity of primers extended to the target site and beyond, and I TϪ1 is the integrated gel band intensity of primers extended to the site just prior to the target site (30, 31) .
The kinetic analysis was generally carried out under single completed hit conditions (30, 31) , whereby primer-template DNA molecules were extended at most once; i.e. a single pol II is allowed to extend many primer-template DNA molecules, but most primer-template DNAs are extended no more than once. Nucleotide incorporation data obtained under single completed hit conditions must not be confused with single turnover data obtained from stopped-flow experiments in which each DNA polymerase molecule acts only once, allowing the measurement of individual nucleotide incorporation events on presteady-state (usually millisecond) time scales. Practically speaking, single completed hit conditions will be satisfied if less than 20% of the "initial" primer-template DNA is extended to the template target site and beyond (30) . The initial primer-template DNA corresponds to input molecules present at time zero ϩ molecules extended during the four-nucleotide running start reaction. The reaction times satisfying single completed hit conditions for incorporation of right nucleotides were Յ 1 min and for incorporation of wrong nucleotides were from 1 to 4 min. Single completed hit conditions could always be satisfied for right incorporations. Occasionally, as much as 40% of the initial primer-template DNA had to be extended to detect highly inefficient misincorporations. However, accurate correction for multiple completed hit conditions were made in accordance with Ref. 31 , and these corrections were always less than a factor of 1.5 (31) .
A plot of the relative incorporation efficiency, I T ⌺ /I TϪ1 , as a function of dNTP substrate concentration gives rise to a rectangular hyperbola, and the apparent V max /K m for incorporation of either right or wrong nucleotides is given by the slope in the linear region (29, 30) . Apparent V max /K m values were obtained from either a nonlinear least squares fit to the rectangular hyperbola or from a linear least squares fit using data points corresponding to low dNTP concentrations falling within the linear range. The misincorporation specificity, f inc , which is the inverse of the base substitution fidelity, is given by Equation 1 (32),
where the subscripts W and R refer to wrong and right incorporations, respectively. Measurement errors for single determinations of V max /K m are Ϯ 30% and for f inc are Ϯ 40% (1 S.D.). The units of apparent V max /K m are expressed as dNTP substrate concentration Ϫ1 (e.g. M Ϫ1 ) because relative V max values are used, defined as the maximum value of I T ⌺ /I TϪ1 (29, 30) .
The apparent V max /K m values corresponding to extension from mismatched and correctly matched 3Ј-primer ends by incorporating a next correct rescue nucleotide were also calculated using Equation 1 by plotting I Tϩ1 ⌺ /I T , where I Tϩ1 ⌺ is the integrated gel band intensities of primers extended 1 base past the template target site and beyond, and I T is the integrated gel band intensity of the band measured opposite the target site (33, 34) . The data were obtained by holding right or wrong dNTPs, to be incorporated opposite the template target site, at fixed concentration while varying the concentration of next correct rescue dNTP. Using as an example the data shown in Fig. 3A , the right nucleotide, dCTP, was present at a fixed concentration (25 M) and, in a separate measurement, the wrong nucleotide, dTTP was present at a fixed concentration (1 mM). Rescue dNTP levels, at 0.02, 0.2, 2, 5, and 25 M, were those used in plotting the curves shown in Fig. 2 .
RESULTS
The main goal of these experiments was to determine the effects of sequence context on the fidelity of DNA synthesis by proofreading proficient E. coli pol II HE. Sequences were chosen to provide either AT-or GC-rich environments upstream from a template target site at which fidelity is measured (Table  I) . Nucleotides were incorporated in a running start reaction opposite a 4-base homopolymer or alternating copolymer sequence prior to reaching the target site. The kinetics of incorporating right or wrong nucleotides were measured at a tem-plate site 5 bases downstream from the 3Ј-end of the 5Ј-32 Plabeled primer. The choice of a 5-base polymerization reaction is based on our observation that proofreading for T4 pol, which has a nuclease/polymerase ratio similar to pol II (26) , is influenced most strongly by sequence contexts spanning half a DNA helical turn, i.e. 5 nucleotides (14) .
A 30-mer-100-mer Minimal Primer-Template DNA System Supports Processive Pol II Synthesis in the Presence of ␤, ␥
Complex, and SSB-In the presence of ␤ sliding clamp and ␥ clamp-loading complex pol II's processivity is increased from 5 nucleotides/template binding event to greater than 1,600 nucleotides (35) . A 30-mer primer annealed at the center of a 100-mer template allows loading of ␤, ␥ complex and SSB, enabling pol II to carry out more highly processive synthesis (Fig. 1) . The advantage of this short primer-template DNA system is that synthetic oligonucleotides can be used to study polymerase fidelity at arbitrary template sites in a variety of defined sequence contexts. A similar "minimal" primer-template DNA construct also supports processive synthesis by pol III core (8, 36) .
Unexpectedly, Pol II Synthesizes DNA with Greater Accuracy in GC-Compared with AT-Rich DNA-An analysis of T4 pol fidelity as a function of sequence context (37) revealed that proofreading at the replication fork depends on the average AT/GC content over roughly one-half a helical turn (14) . Therefore, we were surprised to find the opposite result with pol II HE carrying out considerably more accurate DNA synthesis in GC-rich compared with AT-rich DNA (Fig. 2) . Representative gels showing dCMP⅐G and dTMP⅐G incorporation kinetics as a function of increasing concentration of rescue dNTP are shown for GC-rich (Fig. 3A) and AT-rich sequences (Fig. 3B) .
The gel bands corresponding to synthesis opposite the target site (G) and beyond increase in intensity as a function of increasing rescue dNTP concentrations (0.02-5 M). The integrated gel band intensities are computed directly from the raw data (Fig. 3) , where I T ⌺ refers to the incorporation of either correct (dCMP⅐G) or incorrect (dTMP⅐G) nucleotides opposite the target G site and beyond, and I TϪ1 corresponds to incorporation of a running start nucleotide 1 base before the target site. The ratio I T ⌺ /I TϪ1 graphed as a function of right or wrong dNTP yields a rectangular hyperbola whose slope in the linear (low dNTP range) is used to compute the apparent second order rate constant (V max /K m ) for nucleotide incorporation or misincorporation (8, 30, 31) (Table I ). The misincorporation specificity, f inc , the reciprocal of pol fidelity, is calculated as the ratio of V max /K m for wrong and right incorporations (see Equation 1 under "Experimental Procedures").
The misincorporation specificity, f inc (dTMP⅐G), was measured first at a low concentration of next correct rescue dNTP (0.02 M) to achieve maximal proofreading efficiency. Under these conditions, f inc was 1.2 ϫ 10 Ϫ6 in GC-rich DNA compared with 5.3 ϫ 10 Ϫ6 in AT-rich regions. Thus, pol II HE is about 4.4-fold more accurate in GC-rich DNA despite the preconception that proofreading should be much less efficient in GCcompared with AT-rich DNA.
A reduction in fidelity as a function of increasing next correct rescue dNTP concentration is a hallmark of proofreading (12, 38) . Because 3Ј 3 5Ј nucleotide excision and 5Ј 3 3Ј polymerization are directly competing reactions, polymerization is stimulated at the expense of proofreading at increasing concentrations of next correct rescue dNTP. In accordance with this expectation, f inc increases from 1.2 ϫ 10 Ϫ6 to 1.7 ϫ 10 Ϫ5 and from 5.3 ϫ 10 Ϫ6 to 2.7 ϫ 10 Ϫ5 in GC-and AT-rich regions, respectively, at a rescue dNTP concentration of 5 M (Fig. 2) . Even so, pol II HE remains more accurate by a factor of 1.6 in GC-rich DNA. Therefore, pol II makes more base substitution errors in AT-rich DNA at all rescue nucleotide concentrations.
A plot of normalized values of f inc , as a function of rescue nucleotide concentration, shows that dTMP⅐G misincorporation increases by 18-fold in GC-rich DNA, when the concentration of rescue dNTP is increased from 0 to 25 M, whereas there is only a 5-fold increase in misincorporation in the AT-rich sequence (Fig. 2, inset) . In other words, contrary to expectations, the dynamic proofreading range for pol II HE is enhanced significantly in the more stable GC-rich environment rather than being suppressed.
For comparison with pol II, we measured dTMP⅐G misincorporation efficiencies for pol III HE in the same G-C-rich and A-T-rich primer-template DNA sequence contexts (Fig. 4) . In contrast to pol II, pol III HE has a 5-fold higher dTMP⅐G misincorporation efficiency in the GC-rich DNA, f inc ϭ 6 ϫ 10
Ϫ5
(GC-rich) and 1.2 ϫ 10 Ϫ5 (AT-rich) (Fig. 4 , pol III panel, low rescue dNTP). f inc increases in both GC-rich and in AT-rich DNA to 1.1 ϫ 10 Ϫ4 and 3.5 ϫ 10 Ϫ5 , respectively, in the presence of rescue dNTP (Fig. 4, pol III panel, high rescue dNTP) , thereby maintaining a 3-fold greater accuracy in the AT-rich 
Sequence Context Effects on Polymerase Fidelity
sequence. A diametrically opposite trend is observed for pol II (Fig. 4, pol II panel) .
Changing the Template Base Immediately Downstream from the Target G Site Has No Significant Influence on Mutational
Hot Spot Properties of AT-rich Sequences-To perform kinetic analyses using a broad range of rescue dNTP concentrations, it is necessary to have different bases to the 5Ј-side (downstream) of the template target G site, e.g. 3Ј-CCCCGTC and 3Ј-TTTT-GCT. For example, replacing T by C on the 5Ј-side of G in the first sequence, or replacing C by T in the second sequence, means that the same dNTP serves as both running start and rescue nucleotide. However, this constraint may limit the range over which dNTP concentrations can be varied because a running start nucleotide may be incorporated opposite a complementary template base downstream from the target G by a primer-template slipped mispairing event (6 -8, 39) . Two examples of slipped mispairing events giving rise to "anomalous" high error frequencies are f inc (dGMP⅐G ϭ 1.2 ϫ 10 Ϫ2 ) and f inc (dAMP⅐G ϭ 8 ϫ 10 Ϫ3 ) ( Table I , first and fourth sets of templates, respectively). We discuss misincorporations generated by template-primer slippage mechanisms under "Misincorporations by primer-template DNA Misalignment."
We have measured apparent V max /K m incorporation values varying the template base to the 5Ј-side of G (Table I) . No significant differences in V max /K m were found for dCMP⅐G comparing template 3Ј-CCCCGTC with CCCCGCT. The same conclusion holds for dTMP⅐G (Table I) . Thus, the ability of pol II HE to carry out synthesis more accurately in GC-rich relative to AT-rich DNA cannot be attributed to differences in a template base immediately downstream from G. Although there is about a 1.5-fold difference in V max /K m for templates 3Ј-TTTT-GCT and 3Ј-TTTTGTC (Table I) , this small difference cannot account for the surprising appearance of mutational hot spots in AT-rich DNA (Fig. 2) .
Primer-Template Utilization Efficiency As a Significant Fidelity Determinant-An explanation for the unexpected reduction of proofreading in the less stable sequences appears to lie in the ability of pol II to extend primer 3Ј-ends with higher efficiency in an AT-rich environment. The V max /K m values are 1.7-2.3-fold higher on the AT-rich compared with the GC-rich template for correct incorporation (dCMP⅐G) and 3.3-5-fold higher for misincorporation (dTMP⅐G) at saturating next nucleotide concentration (25 M) (Table I) . Thus, preferential polymerization, favoring 5Ј 3 3Ј synthesis, on the 3Ј-TTTTGCT template versus the 3Ј-CCCCGTC template suggests that the competing 3Ј 3 5Ј hydrolytic proofreading reaction is reduced by a similar degree. If this supposition is valid, then a thorough understanding of the dependence of nucleotide misincorporation on sequence context will have to take into account the effect of neighboring nucleotides on polymerization efficiencies, and these can exhibit significant site-to-site differences.
The apparent V max /K m values for incorporation of matched and mismatched nucleotides opposite a template target site are required to compute f inc using the gel assay (29 -31) . In the presence of proofreading, f inc is additionally determined by two competing reactions, removal of a misincorporated nucleotide versus incorporation of a next correct nucleotide onto a mismatched primer end. Thus, although it is true that pol II incorporation efficiencies at the template target site are 2-6-fold higher in AT-versus GC-rich sequences (Table I) , it is the mispair extension efficiencies that exert the greatest influence on proofreading at the target site.
To calculate the dTMP⅐G mispair and dCMP⅐G base pair extension efficiencies as a function of increasing next correct dNTP concentration, the data from Fig. 3 are analyzed as described in by Mendelman et al. (33) and Creighton et al. (34) . Briefly, the gel band intensities beginning 1 base downstream from the template target G and beyond are integrated to obtain I Tϩ1 ⌺ and divided by I T the intensity of the band measured directly opposite G. The ratio I Tϩ1 ⌺ /I T is plotted versus the concentration of next correct nucleotide, dATP for the GC-rich primer-template DNA or dGTP for the AT-rich DNA to obtain a standard saturation curve (rectangular hyperbola). The apparent V max /K m value is equal to the slope in the linear region of the curve (see "Methods").
We find that V max /K m for extension of dTMP⅐G mispairs (at 1,000 M dTTP) is favored in the AT-rich sequence by about 5-fold compared with the GC-rich sequence; V max /K m (T⅐G) extension in AT-rich DNA ϭ 1.9 ϫ 10 Ϫ4 M Ϫ1 versus V max /K m (T⅐G) extension in GC-rich DNA ϭ 0.38 ϫ 10 Ϫ4 M Ϫ1 . We also find that the extension of a correct dCMP⅐G base pair is favored by 2-fold in the AT-rich sequence compared with the GC-rich sequence; V max /K m (C⅐G) extension in AT-rich DNA ϭ 24.5
. These values also correspond closely to those for incorporation of dCMP opposite G in the two sequences contexts (Table I) . Thus, nucleotide extension efficiencies for matched and mismatched primer 3Ј-ends are also favored in AT-rich over GC-rich DNA.
Pol II 3Ј-Exonuclease Activity Preferentially Degrades ATrich DNA in the Absence of Polymerization-An alternative explanation for the appearance of mutational hot spots in ATrich DNA might be that the 3Ј 3 5Ј exonuclease of pol II is more active in hydrolyzing GC-rich DNA. To address this possibility, we measured degradation of a 34-mer-100-mer primer-template DNA in the absence of dNTP substrates (Fig. 5) . The data clearly show that pol II degrades AT-rich primer-template DNA more rapidly than GC-rich DNA, both in the presence and absence of ␤, ␥ complex. Degradation occurs faster in the presence of ␤, ␥ complex in both sequence contexts, whereas virtually no degradation occurs in the G-C rich sequence in the absence of the processivity subunits.
Dependence of Nucleotide Misincorporation Errors on Sequence Context-A compilation of nucleotide misincorporation specificities, f inc , when copying GC-and AT-rich template sequences, is given in Table I . The gel kinetic assay can detect misincorporations by pol II HE at a level of Ն 5 ϫ 10 Ϫ7 . Misincorporation of dTMP opposite G is the mispair formed most easily in each sequence context, f inc ϳ 2-4 ϫ 10 Ϫ5 for pol II HE (Table I) , whereas dAMP⅐G occurs in a range between 1 and 2 ϫ 10 Ϫ6 . Errors involving incorporation of dGMP opposite G were not detectable.
We also measured the fidelity of pol II HE opposite A, C, and T template target sites in GC-and AT-rich sequences (Table I) . Most mismatches opposite A were detectable: dCMP⅐A (f inc ϭ 1.7 ϫ 10 Ϫ5 and 3.5 ϫ 10 Ϫ5 in GC-rich and AT-rich regions, respectively); dGMP⅐A (f inc ϭ 5.7 ϫ 10 Ϫ5 and 1.5 ϫ 10 Ϫ4 in GC-rich and AT-rich regions, respectively); dAMP⅐A (f inc ϭ 1.0 ϫ 10 Ϫ6 in an AT-rich sequence context). However, the only mismatch detectable opposite C is dAMP⅐C, f inc ϭ 4.6 ϫ 10 Ϫ5 and 9.4 ϫ 10 Ϫ5 adjacent to GC-and AT-rich regions, respectively. Thus, each of the misincorporation efficiencies is higher in the AT-rich compared with GC-rich sequences, even when varying the template target base. Equation 1 ) is plotted as function of increasing next correct dNTP concentration (Rescue dNTP) for GC-and AT-rich sequence contexts. Representative data used to compute misincorporation efficiencies are contained in Fig. 3 with the GC-and AT-rich 30-mer-100-mer primer-template DNA shown at the top of Fig. 3, A and B . Inset, normalized values of f inc obtained by dividing each f inc value by the value corresponding to the lowest rescue dNTP concentration (0.02 M) used in the assay. The next correct dNTP (rescue dNTP) is defined as the nucleotide that permits extension beyond the target site because of its complementarity to the base immediately 5Ј to the target nucleotide in the template. The data are reproducible to about Ϯ25% (1 S.E.).
No mismatches were detected opposite T using four running start template As or four running start Gs. Thus, although dTMP⅐G mispairs are the most efficient base substitution errors catalyzed by pol II HE (f inc is between 2 ϫ 10 Ϫ5 and 7.5 ϫ 10 Ϫ5 , depending on sequence context), its reciprocal mispair dGMP⅐T is reduced by at least 2 orders of magnitude. It is unlikely that dGMP⅐T mispairs are formed and proofread efficiently because insertion of dGMP opposite T was also not detected using a proofreading-defective pol II exonuclease Ϫ mutant (data not shown).
The misincorporation values in Table I correspond to "maximum" error frequencies because they were measured at saturating next correct dNTP substrate concentrations, which suppresses exonuclease proofreading (12, 38) .
Misincorporation by Primer-Template DNA Misalignment-The errors discussed above refer to "direct" nucleotide misincorporations opposite a template base on a properly aligned primer-template DNA molecule. However, misincorporations can also occur on "slipped" primer-template DNA structures (6, 7, 39, 40) . Nucleotide misincorporations occurring on transiently misaligned primer-template DNA can generally be distinguished from direct misincorporations by measuring dNTP substrate apparent K m values. Apparent K m values for direct incorporations are typically in the mM range (5), whereas slipped mispairing errors are generally in the M range (8, 39, 41) .
When misincorporations occurring on misaligned primer 3Ј-ends involve formation of correct Watson-Crick base pairs, they exhibit apparent K m values only slightly higher than those for correct incorporations on properly aligned primer-template DNA. The primary mispairing event occurs only after the primer and template strands realign to reposition the newly incorporated nucleotide opposite an incorrect template base. The mispair can be resolved into two alternative mutations, base substitutions and simple frameshift errors: realignment of the primer-template DNA prior to elongation results in a base substitution mutation, whereas elongation from a misaligned primer end prior to realignment leads to a frameshift (6, 7) .
Examples of dNTP-stabilized misalignment misincorporations catalyzed by pol II are dGMP⅐G (f inc ϭ 1.2 ϫ 10
Ϫ2
; K m ϭ 4 M), in template sequence 3Ј-CCCCGC, and dAMP⅐G (f inc ϭ 8.0 ϫ 10
Ϫ3
, K m ϭ 3 M), in template sequence 3Ј-TTTTGT (Table I ). The dGMP⅐G misincorporation frequency is reduced by greater than 6 orders of magnitude, from 1.2 ϫ 10 Ϫ2 (K m ϭ 4 M) to less than 10 Ϫ7 (K m Ͼ 1 mM) when the downstream C is replaced by T (Table I ), suggesting that the misincorporation occurring adjacent to C occurs most likely by a misalignment mechanism. The dAMP⅐G mispair also appears to result from a similar mechanism because its f inc value is reduced by roughly 4,000-fold, from 8.0 ϫ 10 Ϫ3 (K m ϭ 3 M) to 2.0 ϫ 10 Ϫ6 (K m Ͼ 1 mM), when the downstream T is replaced by C (Table I) . DISCUSSION The question of how mutation rates are influenced by neighboring DNA sequences is among the most daunting challenges to understanding the underlying molecular mechanisms gov- The GC-rich and AT-rich primer-template DNA sequences are 3Ј-CCCCGTC and 3Ј-TTTTGCT, see Table I , first and third template sequences, respectively. The low rescue dNTP values, corresponding to dATP for the GC-rich context and to dGTP for the AT-rich sequences, are 0.02 M for pol II and 0 (i.e. no rescue dNTP) for pol III; high rescue dNTP corresponds to 5 M dATP (GC-rich DNA) and 5 M dGTP (AT-rich DNA) for both pol II and pol III. The reactions were carried out in the presence of ␤/␥ processivity proteins. The data are reproducible to about Ϯ25% (1 S.E.). erning mutagenesis. The problem is exacerbated by the complexity of protein-DNA and protein-protein interactions influencing the fidelity of DNA synthesis. It is well established, for example, that the effect of sequence context on nucleotide misincorporation and mismatch extension specificity generally differs significantly for different polymerase (see, e.g. Refs. 5 and 33).
Base stacking interactions and DNA stability are two important sequence context determinants of polymerase fidelity. Base stacking forces and localized DNA stability can each perturb fidelity by factors of 2-50-fold (5). Nearest neighbor base stacking interactions between primer 3Ј-ends and incoming dNTPs can affect nucleotide misinsertion frequencies by influencing the lifetimes of a incoming right and wrong dNTPs on the pol-primer-template DNA complex (5, 11, 12, 14, 42) . The stability of primer-template DNA over 5 base pairs (onehalf of a helical turn) proximal to a growing replication fork can exert a major effect on 3Ј-exonuclease proofreading (14) . Indeed, it has been demonstrated previously that T4 pol excises mispaired nucleotides much more readily in relatively unstable DNA (13, 15, 37) , generally leading to higher fidelity in ATcompared with GC-rich sequence contexts (14) . Therefore, we were extremely surprised to find that E. coli pol II behaves in a manner diametrically opposite to T4 pol, making considerably more errors in AT-rich DNA.
Pol II Fidelity Is Higher in GC-rich Compared with AT-rich DNA-A comparison of f inc values (Equation 1) for pol II HE reveals that dTMP⅐G misincorporation frequencies are higher in AT-rich relative to GC-rich DNA (Figs. 2 and 3) , suggesting that contrary to expectations, proofreading is less effective in the less stable DNA. The higher frequency of errors occurring in the less stable DNA is observed at each of the five rescue dGTP concentrations used in the assay (Figs. 2 and 3) . Further evidence that pol II proofreading is less active in AT-rich DNA is obtained by plotting normalized values of f inc as a function of dGTP concentration (Fig. 2, inset) . For the case of AT-rich DNA, there is about a 5-fold reduction in fidelity over the entire range of dGTP levels. However, in GC-rich DNA, the reduction in fidelity is at least 18-fold, demonstrating an enhanced inhibition of proofreading in competition with forward synthesis in the GC sequences.
The reduction in fidelity accompanying increased levels of next correct nucleotide is a hallmark of proofreading (12, 38) and provides strong evidence that pol II proofreading is more active in GC-rich compared with AT-rich sequences. This conclusion holds for a variety of mismatches occurring in sequences having homopolymer runs of 4 purines or pyrimidines on either primer or template strand (Table I ). In contrast, pol III behaves the opposite way; pol III synthesis is more accurate at both low and high rescue dNTP levels in AT-rich DNA (Fig. 4) .
Primer-Template Extension Efficiency Is an Important Determinant of Polymerase Fidelity-There is clear evidence demonstrating that, "all things being equal," proofreading occurs most effectively in relatively unstable primer-template regions, resulting in higher fidelity in AT-compared with GC-rich DNA (13) (14) (15) 37) . However, when all things are not equal, other factors may come into play in influencing proofreading efficiencies. One such factor is the efficiency of primer elongation in different sequence contexts. For example, it is well known that different polymerases can exhibit strong, highly specific primer-template DNA preferences (43) . In the case of pol II, we find that polymerization efficiencies are 2-6-fold higher in AT-rich compared with GC-rich DNA (Table I , V max /K m column). The effect on fidelity of having enhanced forward polymerization efficiencies in AT-rich sequences is analogous to the effect of increasing the concentration of next correct rescue dNTPs (Fig.  2) . Both processes reduce base substitution fidelity by inhibiting proofreading. Thus, reduced forward polymerization by pol II in GC-rich DNA allows more time for proofreading to occur, resulting in the excision of a greater fraction of misinserted nucleotides.
Consistent with the fidelity measurements, we find that the apparent V max /K m for the addition of a next correct rescue nucleotide is about 5-fold higher in the AT-rich DNA, following misincorporation of T opposite G. Therefore, although the T⅐G mismatch serves to interrupt the 4-nucleotide homopolymer run, it appears to have little influence on increased V max /K m values in AT-rich DNA. This observation suggests that important pol II/primer-template DNA interactions span at least 4 -5 nucleotides upstream from a primer 3Ј-end.
An obvious alternative explanation of how fidelity could be lower in AT-rich compared with GC-rich DNA is if pol IIassociated 3Ј 3 5Ј exonuclease were more active in degrading GC-rich sequences. However, such a possibility is unlikely because proofreading exonucleases are known to degrade singlestranded in preference to double-stranded DNA (3, 4) . As expected, we find that pol II exonuclease is, in fact, considerably more active in degrading AT-compared with GC-rich DNA in the absence of dNTP substrates, both in the presence and absence of the ␤, ␥ complex processivity subunits (Fig. 5) .
We conclude that the counterintuitive reduction in pol II fidelity in AT-rich DNA is caused by more rapid polymerization rather than by a reduction in 3Ј-exonuclease activity in AT-rich regions. The importance of the primer-template extension efficiency as a fidelity parameter is illustrated by the fact that it appears to be responsible for causing a complete reversal in the fidelity properties of pol II with regard to the well studied T4 pol and pol III; that is, an increased forward polymerization rate for pol II in AT-rich DNA overcomes the ability of its proofreading exonuclease to excise nucleotide mispairs, even though pol II and T4 pol appear to have similar 3Ј-exonuclease to polymerase ratios (26) . Therefore, in addition to the effects of base stacking on polymerase insertion specificities and of sequence context on exonuclease proofreading efficiencies, a general understanding of the molecular basis of mutational hot and cold spots will also have to take into account the effects of local sequence context on forward DNA polymerization efficiencies.
